Introduction
The omni-directional mobile robot can move in any direction without changing any position and posture. The omni-directional mobile robot has been widely applied to human production and life practice in recent years due to the special motion advantages. The control problems of the motion and regulation have been extensively studied and have attracted the interest of many control researchers in the field of omni-directional mobile robotics [1] [2] [3] .
As usual, it is common the motion control problems of the omni-directional mobile robotics to be addressed, taking into account the kinematical equations [4] . Considering its kinematical model only, several control strategies have been proposed. A back-stepping controller with global stability based on Newton mechanics model is designed in [5] . In [6] the authors have solved the motion control problem with a nonlinear back-stepping controller for a three-wheel omnidirectional mobile robot and the control values have been optimized by the sum of squares technology. The studies above mentioned are based on neglecting the uncertainties of the model and the assumption that the robot is working in ideal conditions. However, good motion control for a mobile robot with its kinematical model needs to track the designed velocity perfectly, which is impossible in a practical application. That is why a number of contributions have been focused on the dynamic representation of the omni-directional mobile robot [7, 8] . For the trajectory tracking control of an omni-directional wheeled robot for lower limbs rehabilitative training, in [9] the control problem and the interference rejection are translated into L2 control design problem, and a tracking controller is presented considering the back-stepping strategy. In the same aspect, a dynamic model of the mobile robot is considered in order to study the slipping effects between the wheels of the vehicle and the working surface [10] . In order to deal with the parameter uncertainties and the influence of the exogenous disturbances existing in the dynamic model, a sliding mode variable structure approach is presented [11] [12] [13] [14] . In [12] , based on the linearized system, an integral sliding mode control is designed for trajectory tracking control of an omni-directional mobile robot. But it has inherent deficiency, which needs computing the upper boundness of the system dynamics and may cause high noise amplification. A robust neural network NNbased sliding mode controller, which uses an NN to identify the unstructured system dynamics directly, is further proposed to overcome the disadvantages of the integral sliding mode control in [12] and reduce the online computing burden of the conventional NN adaptive controllers [13] . A path tracking control method based on an adaptive approach and neural dynamics for a wheeled mobile robot is presented, which can ensure the robot velocity asymptotically approaching to the desired velocity in uncertain system dynamics [14] . However, this implies computing more parameter values and can also cause high control costs.
In order to deal with model uncertainties and exogenous disturbances in the dynamic equations of a four-wheel omni-directional mobile robot, a variable structure control based on an adaptive approach and a filter is presented. The stability of the closed-loop system and the convergence of the adapting process are strictly demonstrated by Lyapunov stability theory. The simulation results show that this method has good tracking robustness and high control precision, simple achievement and efficiently eliminated buffeting.
Dynamic model of a four-wheel omni-directional mobile robot
Four-wheel robots are of the type robots models, which are used in many domains. They are omni-directional with four wheels and have the ability to move in any direction at any time (they are holonomic mobile robots, in other words). Fig.1 shows the scheme of a four-wheel robot, the angles and directions of the four wheels.
A kinematic model
According to the geometric relationship of Fig. 1 
where XOY is the world coordinate frame for the robot, xoy is the robot own coordinate frame, W i , i=1, 2, 3, 4, denotes the moving direction of the robot, denoting every wheel, i δ denotes the angle between the wheel and axis respectively, i V denotes the velocity of each wheel, its positive direction is anticlockwise, l is the distance between the center of the robot body and that of each wheel.
The kinematic model of a mobile robot can be constructed as 
where i v denotes the linear velocity and i ω is the angular velocity of each wheel, r is the radius of each wheel, sin( ) cos( )
A dynamic model
To deal with the model uncertainties and exogenous disturbances of the four-wheel omni-directional mobile robot, firstly we must derive its dynamic equations from the drive motor model. By applying the Newton's second law in the robot coordinate frame, the force acting on the robot can be derived as
where M=diag{m, m, J} is the total mass of the robot, J is the total inertia for the robot rotation, and
T is the tangential force generated by DC motors at each wheel.
The dynamics of the armature current of each DC motor can be described by
where V s is the battery voltage,
is the normalized control input and L a is the reactance of the motor, R a is the armature resistance, K b is the back-emf constant, n is the gear ratio and ϕ is the angular of each wheel.
Since the electrical time constant of the motor is very small compared to the mechanical time constant, we can neglect the inductance of the motor electric circuit and describe the generated torque of each motor τ as (5) ),
where K t is the torque constant.
The dynamic equation of the velocity for each wheel is
where J w is the inertia at the center of the wheel about the vertical axis and F v is the viscous friction factor in the drive line.
Then the dynamic formulation produces the system representation, which is described by 
For describing conveniently and computing simply, the dynamic equations with disturbances can be rewritten in the standard form
where the virtual control is T Bτ = , and ( ) E t is the total parameter of uncertainties and exogenous disturbances, which is bounded.
3. Sliding mode control based on an adaptive approach and a filter 3.1. Sliding mode control law based on a filter According to the theory of the sliding mode control and a filter, if a low pass filter is added to the output port of the variable structure controller, whose output is the input of the robot, then the inherent buffeting caused by the variable structure control may be reduced or eliminated. Considering of the low pass filter is expressed by (9) ( )
According to formulas (8) and (9), belonging to the low pass filter and the virtual control, the relationship between the outputs and inputs is as follows: (10) T AT Au (10), we obtain (11) ( ) ( ) ( ) Dq CCE ADq ACAE Au
Supposing that there is a feasible smooth bounded reference trajectory q d (t), and the tracking error is e(t) = q(t) 
By the sliding mode and Lyapunov theory, if the closed-loop system is stable, the control law is
whereη is the switch gain, then from (15) and (16) we have
The control law (16) is the variable structure control law based on a filter. By the variable structure control theory, it means that considering system (8) in a closed loop with the control law in (16), then the tracking error ( ) e t is globally asymptotically stabilized to zero. However, the parameters of H must have been confirmed before the control law is applied. If the parameters are not exactly known or changed for some reasons, the control performance might get worse.
Adaptive approach
As above described, the controller, whose representation is given in (16), is applied usually by the expression of H exactly known. However, this is impossible in practical application. Defining the estimated value of H asĤ , using that instead of H , the estimated error isĤ H H = − % , and assuming that the parameters of H are slow time variables, we have the new Lyapunov function candidate as follows:
Similarly, the time derivative is given by
According to the sliding mode theory, if we choose the new control law as ( ) e t is globally asymptotically stabilized to zero, even when the parameters are not exactly confirmed.
RBF based reaching law sliding mode control
The switching gain η in the control law must be exactly known, as the compensation of the boundness of the model uncertainties and exogenous disturbances is usually bigger and may cause high noise amplification and high control cost, particularly for the complex dynamics of the omni-directional mobile manipulator system. Therefore, in order to improve the dynamic quality and to raise the speed of reaching the sliding surface Taking in mind equations (11), (12), (20) and (21) into (23) To assess the performance of our controller, some numerical simulations are carried out tracking a straight path and a sinusoidal path separately. The values of the parameters correspond to a laboratory prototype built in our institution and they are presented in Table 1 . 
In the numerical simulations, supposing that the total disturbances and uncertainties in the tracking process are (2 ) cos (2 ) sin (2 )] , E t t t t π π π Firstly, we let the robot to track a straight path, when the parameters in Table 1 are exactly known, the trajectory tracking results and the practical control inputs on X axis are shown in Fig. 2 (a) and Fig. 2 (b) . When the parameter m in Table 1 is changed from 23 kg to 12 kg, the results of the trajectory tracking and the torque signals in X axis are shown in Fig. 2 (c) and Fig. 2 (d) . The left column figures in Fig. 2 show the results considering the robust Neural Network based Sliding Mode Controller (NNSMC) in [13] and the right column figures are connected with the control strategy proposed in this paper (AFSMC). The numeric comparison between NNSMC and AFSMC is given in Table 2 . Table 2 and Fig. 2 (a) , when the parameters are exactly confirmed, NNSMC can make the robot tracking the path quickly with a smaller tracking error, and the tracking time of AFSMC is 1.20s , which is smaller than 1.65s . But in Fig. 2  (b) there is strenuous vibration of the control input with NNSMC, the variance of the input is 3.2447 , which is 2.6 times more than that of AFSMC. When the parameters are not exactly confirmed, m is changed from 23 kg to 12 kg, in Fig. 2 (c) and Fig.2 (d) , NNSMC can not track the reference path quickly, and the tracking errors become bigger and bigger, and its control input is shaken acutely. However, AFSMC can still make the robot track its desired path with good performance and smooth input, because the adaptive approach, RBFNN and a filter can eliminate the chatter efficiently.
In order to test the performance when the path is variable, we let the robot track a sinusoidal path, the tracking results are shown in Fig. 3 . The left column figures in Fig. 3 show the results when NNSMC is considered and the right column figures are for the control strategy AFSMC. The numeric comparison between NNSMC and AFSMC is given in Table 3 . When the parameters are exactly confirmed, from Table 3 and Fig. 3 (a) it follows that AFSMC can make the robot track the path quickly with a smaller tracking error, but the response speed is slower at the initial time when using the NNSMC. In Fig. 3 (b) the control input with NNSMC is drastically shaken, but the input with AFSMC, except for a bit of buffeting, is smoother. It is because the chatter can be efficiently reduced by AFSMC. When the parameters are not exactly confirmed, from Fig. 3(c) and Fig. 3 (d) is obvious that NNSMC cannot track the reference path, it even loses the desired path, and its input is still not smooth. However, AFSMC can make the robot track its desired path with good performance, and Table 3 shows that the variance of the input is only 1.3220 , that is 54.9% of that with NNSMC.
In conclusion, as shown in Figs 2 and 3 , the trajectory tracking results have shown that the properties of the closed-loop system have better performance than the control obtained by NNSMC, whether or not the parameter is constant or changed. The inherent buffeting has been reduced efficiently when AFSMC is considered. However, NNSMC has caused high noise amplifications and high control costs. 
Conclusion
The motion control with a model of a four-wheel omni-directional mobile robot considering its dynamic model uncertainties and exogenous disturbances, has been addressed and solved by means of an adaptive variable structure control based on a filter. The asymptotic stability of the closed loop system has been formally proved. Numerical simulations have been proposed to illustrate the properties of the closedloop system showing a better performance than the control obtained by NNSMC. It has shown that the control system with AFSMC has better tracking performance of the motion control and the results have shown that this method has good tracking robustness and high control precision, simple achievement and efficiently eliminated buffeting.
